1. Introduction {#sec1}
===============

The use of wind turbines in human activities has existed for more than hundreds of years. The environmental pollution due to fossil fuel use has promoted the development and application of this technology worldwide. Currently, there are wind turbines of different power capacity installed around the world. This work is focused on small capacity wind turbines (SCWT), which are generally designed for wind speeds of 10--15 \[m.s^−1^\] [@bib1].

The most common applications of the SCWT are in remote meteorological telemetry stations, in radio repeaters, in the energy supply system for rural areas, schools etc. They are also used as back up energy supply in systems where uninterrupted power supplies are required as in the petroleum extraction, refining and refueling for transportation and military outposts [@bib2]. There is an important demand for SCWT of 1--10 kW that they are able to operate with several wind profiles. Some of these wind turbines are designed based on a Permanent Magnet Synchronous Generator (PMSG) and work with variable wind speed that optimizes the power generation \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]\].

The variable speed operation of a wind turbine can be achieved with a Doubly Fed Induction Generator (DFIG) or with a PMSG. The PMSG has many advantages over the DFIG. The PMSG does not require DC excitation as the magnetic field is produced by the permanent magnets rather than by the coil. Hence, the PMSG does not require slip rings and brushes, which reduce the weight, cost, losses and maintenance \[[@bib6], [@bib7], [@bib8], [@bib9]\]. Another important characteristic of the PMSG is that the pole-slippage can be shorten which allows the use of a major number of poles and to eliminate the use of a gearbox to couple the rotor to the electric generator during the operation \[[@bib10], [@bib11], [@bib12], [@bib13]\].

The dimensioning of the wind turbine and its control system requires the knowledge of the static model to estimate the average loads to be supported by the mechanical structure of the wind turbine, the electric parameter behavior and the relation between the mechanical and the electrical parameters. Generally the synchronous generator model of outgoing poles is used \[[@bib14], [@bib15], [@bib16], [@bib17]\]. The analysis of the generator can be simplified when the magnets are mounted on the rotor surface of the generator and the machine can be considered as smooth poles with a high air gap resulting in the same inductance of armature reaction as in the direct and quadrature axes \[[@bib18], [@bib19], [@bib20]\]. The models of magnetic and electrical circuits are used typically in the design, analysis and simulation of electric generator \[[@bib10], [@bib11]\]. The density of magnetic field is homogeneous in the mathematical model of PMSG, which simplifies the analysis and allows the use of these models for different design frequencies.

Some studies about wind turbines with PMSG have been reported and the losses in the air gap and the mechanical components were neglected \[[@bib21], [@bib22], [@bib23]\]. However, in the framework of a PMSG these losses could be from 10 to 20% of the total losses in the system, which might represent a significant error in the estimation of the characteristic curves of the system [@bib24]. There are some PMSG models reported for SCWT where the fixed losses in the generator are neglected \[[@bib25], [@bib26], [@bib27]\]. There are also studies of the wind turbine performances related to the rotor design attending the wind conditions but without considering the electric generator \[[@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\]. Some other studies have reported the coupling of the rotor and the generator drive shaft considering the mechanical losses due to the bearings with the aim of determining the minimum wind speed for the starting of the generator [@bib33]. Then, the losses, which are not considered from all other components of the wind system could be the reason that explains the differences between the theoretical power curve and the real power curve measured in a commercial wind turbine, as reported by Ciaran et al. [@bib34]. Matteo et al. [@bib35] reported a study of the PMSG connected to a three-phase bridge rectifier to evaluate the efficiency of the PMSG, the iron losses are approximated by the no load iron losses and the mechanical losses are also considered. This work does not consider the coupling of the PMSG with a wind rotor or the complete system [@bib35].

This work describes the development of a new methodology to obtain the characteristic curves from $v_{i} = 0$ to $v_{i} = v_{n}$ of small capacity wind turbines with variable speed based on permanent magnet synchronous generator that can be considered as smooth. One of the major advantages of this method is that it includes the fixed losses in the generator and only requires a minimum number of electrical design parameters of the wind turbine to be used. The results can also be used to program the maximum power curve in a grid tie inverter or battery charger converter for stand-alone systems or to connect a water pump directly to the converter. The model considers the output power and rotor rotational speed having constant values when the wind speed ($v_{i}$) is higher than the nominal speed ($v_{n}$) and lower than the cutting speed ($v_{cut}$), these conditions are achieved through a control system of the wind turbine and not considering the inertia. Finally, this methodology is applicable for wind turbines of small, medium and high capacities as long as they are designed with PMSG.

2. Model {#sec2}
========

The mechanism of the power conversion generally applied in a small capacity wind turbine with a PMSG consists of a direct coupling of the wind rotor with the generator as illustrated by [Fig. 1](#fig1){ref-type="fig"}.Fig. 1The block diagram of the wind energy conversion model.Fig. 1

This diagram shows how the wind power $P_{v}$ is converted in mechanical power $P_{m}$ through the wind rotor due to the aerodynamic effect of the blades. The driveshaft is directly coupled to the generator to convert the mechanical power in electrical energy through the electromagnetic induction generated by the movement of a set of coils in the magnetic field [@bib11]. In the power conversion process, the losses of the system are located in the iron rotor (hysteresis loss and Foucault loss), and there are also mechanical losses and copper losses due to Joule effect in the wind rotor [@bib36].

The basic principles are described below to establish an equation that relates the fixed losses of the PMSG with the rotational speed of the rotor to obtain the wind turbine characteristic curves. The wind turbine power curves are determined for an optimum tip speed ratio (TSR) that ensures the maximum energy extraction from the rotor. The model initiates with the maximum mechanical power obtained from the wind rotor represented as follows [@bib37]:$$P_{m} = 0.5\rho Av^{3}C_{pmax} = T_{m}\omega_{m}$$where $\rho$ is the air density, $\ A$ is the area of the wind rotor and $v$ is the wind speed, $T_{m}$ is the mechanical torque and $\omega_{m}$ is the rotational speed. TSR is defined as the ratio of the speed at the tip of the blade and the wind speed as [Eq. (2)](#fd2){ref-type="disp-formula"} [@bib38]:$$\lambda_{0} = r_{m}\omega_{m}/v$$

The mechanical torque for $C_{pmax}$ delivered for the wind rotor is proportional to the rotational speed of the turbine ($rad/s$) and it is described by the [Eq. (3)](#fd3){ref-type="disp-formula"} [@bib18].$$T_{m} = P_{m}/\omega_{m} = \ \left( 1/2\lambda_{0}^{3} \right)\rho\pi R^{5}Cp_{max}\omega_{m}^{2} = c\omega_{m}^{2}\ \ \ \ $$where $c$ is a constant.

The wind turbine has a synchronous generator and hence the electrical frequency produced is synchronized with the rotational speed of the generator as: [@bib10].$$f_{e} = \omega_{m}P/4\pi$$where $f_{e}$ is the electrical frequency and $P$ is the number of poles.

The induced power in the stator of the three-phase electric generator can be expressed, considering the mechanical power in the driveshaft through the iron and mechanical losses due to electrical power produced and copper losses, as follows [@bib11]:$$P_{ind} = T_{ind}\omega_{m} = NE_{a}I_{a}cos\text{Ψ} = \text{N}V_{a}I_{a}cos\text{φ} + P_{cu}$$$$P_{ind} = P_{m} - P_{h} - P_{mec}$$

The induced mechanical torque is represented as:$$T_{ind} = P_{ind}/\omega_{m}$$

The iron losses of the stator in a synchronous generator can be expressed as \[[@bib11], [@bib39]\]:$$P_{h} = P_{H} + P_{F} = \left( {k_{H}f_{e}B_{m}^{\infty} + k_{F}{f_{e}}^{2}B_{m}^{2}a^{2}\sigma} \right).vol$$

For PMSG, the $B_{m},\ k_{H},k_{F},a^{2}$ and $\sigma$ are constants and $\omega_{m}$ is directly proportional to $f_{e}$ ([Eq. (4)](#fd4){ref-type="disp-formula"}) then the iron losses can be represented as:$$P_{h} = k_{a}f_{e} + k_{b}{f_{e}}^{2} = A\omega_{m} + B{\omega_{m}}^{2}$$

The mechanical losses are described in [Eq. (10)](#fd10){ref-type="disp-formula"} [@bib9]:$$P_{mec} = C\omega_{m} + \ D{\omega_{m}}^{3}$$where $C$ describes the mechanical losses due to friction and $D$ the ventilation losses. From Eqs. [(9)](#fd9){ref-type="disp-formula"} and [(10)](#fd10){ref-type="disp-formula"} and neglecting the ventilation losses (because the fan is not required in this kind of machine) the total losses ($P_{per}$) in the wind turbine are expressed as$$P_{per} = P_{h} + P_{mec} = k_{1}\omega_{m} + k_{2}{\omega_{m}}^{2}$$where $k_{1} = A + C$ and $k_{2} = B$, and$$P_{per} = T_{per}\omega_{m}$$from Eqs. [(11)](#fd11){ref-type="disp-formula"} and [(12)](#fd12){ref-type="disp-formula"} it can be simplified as:$$T_{per} = k_{1} + k_{2}\omega_{m}$$

In particular conditions when $\omega_{m} = 0$ and $k_{1} = {T_{m}}_{in}$$$T_{per} = {T_{m}}_{in} + k_{2}\omega_{m}$$where $k_{2} = \left( T_{per} - {T_{m}}_{in} \right)/\omega_{m}$ and this can also be obtained from the nominal parameters of the PMSG.

Finally, the rotational speed of the rotor is related with the fixed total losses and [Eq. (15)](#fd15){ref-type="disp-formula"} is obtained.$$P_{per} = {T_{m}}_{in}\omega_{m} + k_{2}{\omega_{m}}^{2}$$

The electrical power is obtained by the electrical analysis of the equivalent circuit of the one phase of the PMSG ([Fig. 2](#fig2){ref-type="fig"}). The mathematical model of the system is represented according to [Eq. (16)](#fd16){ref-type="disp-formula"}.$$\ E_{a} = V_{a} + R_{a}I_{a} + jX_{s}I_{a}$$Fig. 2The electrical circuit of the one phase of the PMSG [@bib10].Fig. 2

The electrical circuit in [Fig. 2](#fig2){ref-type="fig"} can be represented as a phasor diagram ([Fig. 3](#fig3){ref-type="fig"}), to show the relationship between the phase voltage ($V_{a}$) and the power factor. [Eq. (17)](#fd17){ref-type="disp-formula"} shows the mathematical expression of the angles from the phasor diagram.$$\psi = \varphi + \delta$$Fig. 3The phasor diagram of the one phase synchronous generator [@bib10].Fig. 3

To obtain an approximation of the output power of the generator, the resistance in the armature is considered negligible (See [Fig. 4](#fig4){ref-type="fig"}) and $E_{a}$ and $I_{a}$ can be expressed as:$$I_{a}X_{s}cos\varphi = E_{a}sen\delta = x$$Fig. 4The simplified phasor diagram of the one phase synchronous generator [@bib10].Fig. 4

The electromotive force (EMF) induced in the stator of the synchronous generator is obtained as [@bib11]:$$E_{a} = K\phi\omega_{m}$$where $K$ is a constant that includes the number of poles and the number of turns in each winding and $\phi$ is the magnetic flux. For permanent magnet generators the $\phi$ can be consider as a constant parameter, resulting in the following expression.$$E_{a} = K_{E}\omega_{m}$$where $K_{E}$ represents the new constant.

The phase current in a PMSG can be expressed as:$$I_{a} = T_{ind}\omega_{m}/NE_{a}cos\text{Ψ}$$

The copper losses are represented as:$$P_{cu} = NI_{a}^{2}R_{a}$$where $R_{a}$ is the electric resistence of the one phase.

The electrical power of the generator is defined by Eqs. [(23)](#fd23){ref-type="disp-formula"}, [(24)](#fd24){ref-type="disp-formula"}, and [(25)](#fd25){ref-type="disp-formula"} [@bib10].$$P_{act} = \text{N}V_{a}I_{a}cos\text{φ}$$$$\text{P}_{rea} = \text{N}V_{a}I_{a}sin\text{φ}$$$$\text{P}_{a} = \text{N}V_{a}I_{a}$$

The PMSG is located before a three-phase rectifier bridge to convert the alternate current to direct current. The Eqs. [(26)](#fd26){ref-type="disp-formula"} and [(27)](#fd27){ref-type="disp-formula"} describe the three-phase rectifier bridge [@bib18].$$V_{dc} = \left( 0.95/\pi \right)\left( 3\sqrt{2} \right)V_{a}$$$$I_{dc} = Pact/Vdc$$

3. Methodology {#sec3}
==============

This methodology is presented as a block diagram as shown in [Fig. 5](#fig5){ref-type="fig"} where it is described the process to obtain the characteristic curves of a wind turbine from the wind speed or the rotor rotational speed.Fig. 5The block diagram of the methodology developed for PMSG characterization.Fig. 5

The complete methodology can be simulated considering four stages:•Stage 1. Determination of the wind rotor parameters.

The parameters considered for the methodology of the wind turbine are:

Power coefficient $\left( {C_{p}}_{max} \right),\ $ optimum TSR $\left( \lambda_{0} \right)$, air density ($\rho$ \[kg m^−3^\]), the rotor radius ($r_{m}$ \[m\]) and the nominal wind speed ($v_{n}$\[m s^−1^\]).•Stage 2. Determination of the nominal parameters of the electric generator.

The nominal parameters of electric generator required to apply them in the model are:

The e.m.f. (${E_{a}}_{n}$\[V\]), phase voltage ($V_{a_{n}}$\[V\]), electrical power (${P_{e}}_{n}$\[W\]), frequency (${f_{e}}_{n}$\[Hz\]), efficiency ($\eta_{n}$), rotational speed ($\omega_{m_{n}}$\[rad s^−1^\]), phase current ($I_{a_{n}}$\[A\]) starting mechanical torque (${T_{m}}_{in}$\[Nm\]), phase resistance ($R_{a}\left\lbrack \text{Ω} \right.$\]) the angle of lag ($\varphi_{n}$) and the inductance ($L_{s}$\[H\]).•Stage 3. Estimating the parameters of the PMSG.

The nominal parameters of the PMSG required for the model (see [Fig. 5](#fig5){ref-type="fig"}) can be obtained from the data sheet given by the manufacturer or measured in a test bench. These data are introduced in the equations presented in the wind energy conversion model as:

The constant $K_{e}$ obtained with the $EMF_{n}$ and the nominal rotational speed ($\omega_{m_{n}}$). The nominal mechanical power ($P_{m_{n}}$\[W\]) calculated with the nominal electric power $\left( {P_{e}}_{n} \right)$ and the nominal efficiency. The nominal copper loss power ($P_{cu_{n}}$\[W\]) obtained from [Eq. (22)](#fd22){ref-type="disp-formula"} with the nominal phase current $I_{a_{n}}$. The nominal induced power ($P_{ind_{n}}$\[W\]) calculated with the nominal active power and the nominal cupper losses. The nominal total losses Power ($P_{per_{n}\ }\left\lbrack W \right\rbrack$), obtained from the difference between the nominal induced power and the nominal mechanical power. The constant $K_{2}$ obtained with the [Eq. (15)](#fd15){ref-type="disp-formula"}, $P_{per_{n}}$ and $\omega_{m_{n}}$.•Stage 4. Applying the model.

The constants obtained in the previous stage determine the fixed losses of the electric generator. Then the model is applied to obtain the characteristic curves of the wind turbine from $v_{i} = 0$ to $v_{i} = v_{n}$.

4. Results and discussion {#sec4}
=========================

The methodology developed in this work was successfully employed to measure the electrical parameters and to validate the numerical results ([Fig. 7](#fig7){ref-type="fig"}) obtained from a 1 kW wind turbine manufactured by RTO Energy ([Fig. 6](#fig6){ref-type="fig"}) with Direct Driver model of PMSG.Fig. 61 kW wind turbine manufactured by RTO Energy company.Fig. 6

The results obtained from the wind turbine operation are presented as a function of the rotational speed due to the considerations made for the model and the initial conditions of the system. The methodology described in [Fig. 5](#fig5){ref-type="fig"} was employed to characterize the electrical generator connected to a three-phase rectifier bridge, which was connected to a resistive charge ([Fig. 7](#fig7){ref-type="fig"}).Fig. 7Test experimental Electrical Generator.Fig. 7

The input parameters of the system considered were the mechanical power $\left( P_{m} \right)$ and the rotational speed $\left( \omega_{m} \right)$. The output parameters of the electrical generator were the phase voltage $\left( V_{a} \right)$, the phase current $\left( I_{a} \right)$, e.m.f. $\left( E_{a} \right)$ and the active power $\left( P_{act} \right)$. The voltage $\left( V_{dc} \right)$ and the electrical current $\left( I_{dc} \right)$ were measured in the rectifier bridge.

The theoretical and the experimental behaviors of the basic parameters are shown below, from Figs. [8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}, [10](#fig10){ref-type="fig"}, and [11](#fig11){ref-type="fig"}. The input parameters of the methodology are considered in the mechanical power curve versus mechanical speed shown in [Fig. 8](#fig8){ref-type="fig"}. The validation of the theoretical and experimental results is presented as the active power curves represented as $P_{act\_ t}$ and $P_{act\_ e}$ in the PMSG output.Fig. 8Comparison of the theoretical and the experimental results of the active power and the DC power.Fig. 8Fig. 9Comparison of the theoretical and the experimental results of phase current and DC-bus current.Fig. 9Fig. 10Comparison of the theoretical and the experimental results of phase voltage and DC-bus voltage.Fig. 10Fig. 11Efficiency analysis of the electrical generator.Fig. 11

This figure also demonstrate that the variation from the experimental and the theoretical power in direct current ($P_{dc\_ t}$ and $P_{dc\_ e}$ ) was 5.2% at the start and as the power increased to the maximum mechanical speed tested the variation decreased to 1%. The losses in the mechanical power were estimated as 6.6% and 8% due to the losses in the copper wires. As it was expected the losses increased with the rotational speed because they are proportional to the current. The losses due to the iron were also considered and they represented 30% in the start and decreased to 17% at nominal speed.

The comparison of the theoretical and the experimental phase currents $I_{a\_ t}$ and $I_{a\_ e}$ respectively and the output currents of the rectifier bridge $I_{dc\_ t}$ and $I_{dc\_ e}$ are shown in [Fig. 9](#fig9){ref-type="fig"}. The linear behavior of the current is due to the fixed value of the resistive load. The typical error between the theoretical and the experimental values of the phase current is 8% and the DC-bus current is 12%.

The experimental and the theoretical values of the phase voltage in the PMSG outlet and the Rectifier Bridge outlet voltage are shown in [Fig. 10](#fig10){ref-type="fig"}. The variation from the theoretical to the experimental results were estimated as 5.1% in the PMSG output at 323 RPM and it was observed a decrease until 1.6% as the rotational speed increases to 794 RPM. The maximum difference of 7.4% between the experimental and theoretical output voltage in the rectifier bridge was observed with the initial conditions and decreased until 2.2% in the maximum mechanical speed.

The results of the PMSG efficiency shown in [Fig. 11](#fig11){ref-type="fig"} prove the effectiveness of the methodology described in this work because the theoretical and the experimental values obtained for low mechanical speed and nominal speed are practically the same.

The methodology developed here shows and also proves the importance of considering the losses due to the material (iron and copper) and to the mechanical properties. The total losses of the wind turbine were estimated from 40% to 26% as the power generation increased. When these losses are not considered the error in the measurement of the power would be from 30% to 17%. For example, the maximum efficiency of the electric generator in this work was 75% at 795 RPM and without considering the losses the efficiency estimated would be more than 90% and then the energy coupling is compromised. These analyses prove the importance of the loss quantification in low power wind turbines.

4.1. Case study: wind turbine of 10 kW {#sec4.1}
--------------------------------------

An electric generator of 10 kW was also studied with the methodology developed in this work. For this case the nominal data were obtained from the information provided by the PRECILEC Company and they are summarized in [Table 1](#tbl1){ref-type="table"}. This information was used to determine the characteristic curve of the wind turbine ([Table 2](#tbl2){ref-type="table"}). These data could also be obtained from a test bench.Table 1Nominal parameters of the PMSG.Table 1ParameterSymbolValueLine voltage$V_{L}$240 VApparent power$P_{a}$10 kVALine current$I_{L}$24 APower factorPF1Efficiency$\eta$\>92 %Angular speed$\omega_{m}$210 RPMFrequency$f$56 HzTorque$T_{m_{in}}$6.8 NmPhase resistance$R_{a}$0.27 ΩConnectionҮTable 2Characteristics of the wind rotor.Table 2ParameterSymbolValueRadius$r_{m}$3.3 mOptimal TSR$\lambda_{0}$6.6Power coefficient$C_{p}$0.4Nominal wind speed$v_{n}$11 m/s

The values of the parameters in Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} were used for a simulation with a tool developed in Matlab/Simulink®. The wind speed considered was from 0 to 25 m.s^−1^. The numerical response of the system is shown in the following figures.

The performance of the mechanical power $P_{m}$, the output active power of generator *P*~*act*~, and the output power of the rectifier bridge *P*~*dc*~ related with the wind speed considered for the simulation are shown in [Fig. 12](#fig12){ref-type="fig"}. It was observed that the losses of the mechanical power in the electric generator are 18.12% at nominal speed and 6.6% of the active power in the bridge rectifier.Fig. 12Mechanical, active and DC power of the 10 kW wind turbine.Fig. 12

The efficiency behavior with respect to the angular speed of the electric generator $\eta_{g}$, the rectifier bridge ($\eta\left( g + rb \right)$) and the overall system ($\eta\left( WT \right)$) are shown in [Fig. 13](#fig13){ref-type="fig"}. The maximum efficiency of the wind turbine was 35% and 32% under nominal conditions.Fig. 13Behavior of wind turbine efficiency.Fig. 13

5. Conclusions {#sec5}
==============

In this work it was proved the effectiveness of the methodology described for a successful coupling of the components of the small capacity wind turbines. The error between the theoretical and the experimental curves of the wind turbine performance obtained with this methodology are smaller than those reported before. Then it was demonstrated that the losses considered in this work determine the precision in the prediction of the maximum efficiency points of each wind turbine components and therefore this contributes to increase the accuracy on their coupling and the system efficiency. The results obtained with this methodology also proved its usefulness as a tool to understand the wind energy conversion in electrical energy through a PMSG.
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